Introduction {#sec1}
============

Advances in the understanding of the adaptive immune system and its signaling pathways have led to the development of gene-based therapies for a variety of diseases including cancer and chronic infections. The field of adoptive cellular immunotherapy (ACI) revolves around engineering specific cytotoxic immune responses against desired epitopes using synthetic receptor molecules.[@bib1], [@bib2] This method supplants the normal pathways involved in T cell development where cells undergo sequential genetic rearrangements to create a functional T cell receptor (TCR). Instead of allowing the immune system to find a specific TCR against an antigen by happenchance, ACI is designed to "teach" the immune system to preferentially target desired antigens. This approach also circumvents the negative selection process during T cell maturation,[@bib3] enabling self-antigens to be targeted, an essential process for immunotherapy treatment of cancers. Typically, these engineered chimeric antigen receptors (CARs) do not utilize the standard major histocompatibility complex (MHC) signaling interactions and pathways,[@bib4] allowing them to recognize and bind intact molecules on cell surfaces with high affinity.[@bib5] Specifically engineering the immune system to eliminate cells based on desired criteria presents new possibilities for the treatment of a wide range of genetic or infectious diseases.

Currently, there are numerous clinical trials using ACI to treat cancers, including lymphomas, leukemias, and myelomas.[@bib6], [@bib7] These trials use an array of engineered receptors containing different combinations of transmembrane domains, hinge regions, stimulators, and co-stimulatory molecules, and also differ in their ex vivo stimulation and expansion protocols. Additionally, recent CARs designed against conserved viral epitopes on the envelope glycoprotein of HIV have shown efficacy both in vitro and in vivo for eliminating virally infected cells.[@bib8], [@bib9], [@bib10] This strategy offers a new cellular-based treatment tool for HIV-infected individuals who remain infected despite effective anti-retroviral therapy (ART).[@bib11], [@bib12] T cell-based immunotherapy approaches could augment current treatment regimens designed to reduce, and potentially eliminate, the latently infected reservoirs, while providing a long-term strategy to limit viral rebound.

Current T cell-based gene therapy approaches require the collection of a large number of white blood cells that are subsequently enriched for target cell populations. Cells are cultured and expanded through receptor stimulation methods such as CD3/CD28 beads[@bib13] or soluble antibodies,[@bib14] then exposed to gene-modifying constructs. After expansion and transduction, protocols differ in culture durations, ranging anywhere from 5 days to several weeks, after which the cells are collected and reinfused. A benefit of this process is the use of autologous cells, which limits potential graft-versus-host disease (GvHD) or rejection. While this therapy holds promise for treatment of diseases such as cancer and HIV, all new engineered receptors must be thoroughly tested in both in vitro cultures and relevant in vivo preclinical animal models to ensure their efficacy and safety.

After the first in vivo testing more than two decades ago,[@bib15] the only small-animal models being used to validate new engineered receptors are xenotransplantation experiments of modified human T cells into immunodeficient mice. Some models use immunocompetent mice by engineering the murine T cells,[@bib16], [@bib17], [@bib18] but these require adaptation of the receptors to function with mouse signaling pathways and prevent efficient comparison with the human immune system. The activity of the modified cells is then assessed by their ability to reduce or eliminate the target cell population. Several other mouse transplantation studies have demonstrated the potent effect of modified cells in this xenotransplantation setting.[@bib19], [@bib20], [@bib21] However, the infused T cells also frequently illicit a GvHD response in the mice,[@bib22], [@bib23] resulting in death anywhere between 14 and 60 days, thus limiting the possibility for longer-term follow-up studies and potentially confounding results due to the concurrent immune responses against both mouse and the desired target epitopes. Potentially because of these factors, studies have often failed to find correlative data for the performance of engineered receptors during in vivo animal models and their clinical outcome in human patients.[@bib24], [@bib25]

Here, we present a novel small-animal model of autologous cell-based ACI using CD3^+^ T cells that eliminates GvHD symptoms observed in other models by using in vivo murine-matured autologous CD3^+^ T cells from humans (MATCH) after transplantation of adult human apheresis hematopoietic stem and progenitor cells (HSPCs) into immunodeficient mice. This model replicates current clinical methods for ACI and provides an essential platform for testing and comparing both the efficacy and the safety of newly engineered receptors in a relevant preclinical animal model.

Results {#sec2}
=======

Adult Apheresis CD34^+^ HSPCs Engraft Neonatal NSG Mice and Develop into CD3^+^ T Cells {#sec2.1}
---------------------------------------------------------------------------------------

Mobilized adult human peripheral blood CD34^+^ HSPCs were collected from different donors (n = 4) and engrafted into neonatal non-obese diabetic (NOD)-severe combined immunodeficiency (SCID)-common γ chain^--/--^ (NSG) mice. A summary of donor CD34^+^ cell information and the number of animals successfully engrafted in this study is included ([Table S1](#mmc1){ref-type="supplementary-material"}). Cells were engrafted into five different cohorts of mice, with each mouse receiving 1 × 10^6^ CD34^+^ cells. Peripheral blood was collected every other week starting at 8 weeks for tracking engraftment and lineage development ([Figure S1](#mmc1){ref-type="supplementary-material"}). A total of 58 out of 61 injected mice (95%) successfully engrafted, which was defined as a minimum of 1% human CD45^+^ cells in the peripheral blood during the first three collections. Human cell engraftment consistently averaged 10%--20% in peripheral blood up to 34 weeks post-injection ([Figure 1](#fig1){ref-type="fig"}A). During early stages of engraftment (weeks 8--12), CD20^+^ B cells constitute the majority of circulating human CD45^+^ cells. At 12 weeks, CD3^+^ T cells begin to emerge and continue increasing in prevalence until 18 weeks, when they become the majority of peripheral human cells ([Figure 1](#fig1){ref-type="fig"}B). After the emergence of CD3^+^ T cells, we observe both CD4^+^ and CD8^+^ cells averaging 50%--70% and 30%--50%, respectively ([Figure 1](#fig1){ref-type="fig"}C). This CD4:CD8 ratio averaging 2.3 is similar to that observed in healthy humans. CD14^+^ monocytes are also consistently detected with decreasing frequency as the mice age. Several cohorts were sacrificed at either 18 or 22 weeks, resulting in fewer data points for later time points.Figure 1Adult Apheresis CD34^+^ HSPCs Engraft Neonatal Mice and Develop into CD3^+^ T CellsCompilation of five unique cohorts of mice engrafted with CD34^+^ cells from one of four human donors. (A) Peripheral human CD45^+^ engraftment levels observed in blood over time. Each dot represents an individual mouse with mean represented as black line. (B) Lineage development of human cells in peripheral blood. Different colors represent unique cell lineages with CD3^+^ T cells in blue, CD20^+^ B cells in red, and CD14^+^ monocytes in black. (C) T cell subset development over time within the CD3^+^ compartment with CD4^+^ cells in gray and CD8^+^ cells in orange. All x axes represent age of mice in weeks, which also corresponds to weeks post-transplant due to engraftment as neonates.

After observing appreciable levels of CD4^+^ T cells in peripheral blood of engrafted mice, we next wanted to determine whether such levels were capable of sustaining HIV infection, which is essential for any immunotherapy-based treatment strategies against HIV. At 18 weeks post-injection, a subset of mice (n = 8) was challenged with the CCR5 tropic laboratory strain HIV-1 BaL ([Figure S2](#mmc1){ref-type="supplementary-material"}). Peripheral blood cell levels were monitored for CD4^+^ cell depletion as well as serum viral load. We observed a decrease in the percentage of CD4^+^ cells in the human population, and this was accompanied by a sustained average viral titer ranging between 10^5^ and 10^7^ over 16 weeks of infection. Mice were sacrificed at 34 weeks post-engraftment; blood and spleen were analyzed for CD4^+^ cell loss, with similar levels of depletion observed. These findings confirm that adult HSPCs are capable of engrafting NSG mice, undergoing multi-lineage hematopoietic development including CD3^+^ T cells, and sustaining active HIV replication.

Injection of Autologous Mature CD3^+^ Cells into Engrafted Mice Leads to Rapid GvHD {#sec2.2}
-----------------------------------------------------------------------------------

We next wanted to determine whether engrafted and in-vivo-matured human cells were sufficient to tolerize animals to injection of autologous CD3^+^ cells and reduce the potential of GvHD. A schematic overview of the procedure is provided in the [Supplemental Information](#app2){ref-type="sec"} ([Figure S3](#mmc1){ref-type="supplementary-material"}). Autologous T cells were obtained in parallel with CD34^+^ HSPCs from human donors by enriching the CD34^−^ cell product for CD3^+^ cells. These autologous CD3^+^ cells were then cryopreserved. Once mice engrafted with autologous HSPCs exhibited development of in-vivo-matured peripheral CD3^+^ cells at 14--16 weeks ([Figures 2](#fig2){ref-type="fig"}A and 2B), cryopreserved CD3^+^ cells were thawed and stimulated in vitro using CD3/CD28 beads. After bead removal, CD3^+^ cells were transduced with a lentiviral vector (LV) expressing the GFP for identification and in vivo tracking. After 10--12 days post-bead stimulation (8--10 days post-transduction), cells were collected, analyzed for GFP expression, and injected into mice previously humanized with the CD34^+^ HSPCs from the matched donor. Mice received various cell doses ranging from 1 × 10^5^ to 1 × 10^7^ cells at 18 weeks post-engraftment. At the time of injection, CD3^+^ cells were 75.8% positive for GFP expression ([Figure S4](#mmc1){ref-type="supplementary-material"}).Figure 2Injection of Autologous Mature CD3^+^ Cells into Engrafted Mice Leads to Rapid GvHDTwo cohorts of mice engrafted with adult apheresis CD34^+^ cells. (A) Mice were tracked over time for the level of human CD45^+^ cells in peripheral blood. (B) Mice were infused with autologous human CD3^+^ cells (n = 12) after in vitro transduction with a GFP-expressing lentiviral vector. Black circles represent percent of human CD45^+^ population in peripheral blood that is CD3^+^ over time and is plotted on the left y axis with the mean represented by solid black line. Green diamonds represent the percent of the total CD3^+^ cells that were GFP^+^ over time in each mouse and are plotted on the right y axis with the mean represented by a solid green line. Vertical green dashed line indicates time of autologous cell infusion for each cohort, and x axis represents age of mice (which also correlates with weeks post-engraftment). (C) Survival curves for the cohort receiving injection of autologous CD3^+^ cells with x axis representing days post-cell injection. (D and E) The second cohort of mice was engrafted with adult apheresis CD34^+^ cells (D) and infused with autologous CD4^+^-enriched cells (E) (n = 7) and graphically represented as previously described. (F) Survival curves for the cohort receiving injection of autologous CD4^+^ cells with x axis representing days post cell injection. Cross symbols (†) represent the last time point before sacrifice. Mock mice received an injection of PBS alone, without any cell products.

Engineered GFP^+^ T cells were detected in all mice and ranged from 5% to 46% of all CD3^+^ cells in peripheral circulation ([Figure 2](#fig2){ref-type="fig"}B). Despite the pre-existing human graft, we observed increasing severity of GvHD in a dose-dependent manner. GvHD was assessed through weekly weight measurements of engrafted animals, as well as visually through hunched posture, alopecia, and general systemic hair loss ([Figure S5](#mmc1){ref-type="supplementary-material"}). All mice receiving the two highest cell doses (5 × 10^6^ and 1 × 10^7^) displayed GvHD within 2 weeks, while mice receiving lower doses had GvHD onset between 3 and 6 weeks ([Figure 2](#fig2){ref-type="fig"}C). This same trend was also observed in mice receiving an injection of autologous CD4^+^ T cells after depletion of CD8^+^ cells in vitro ([Figures 2](#fig2){ref-type="fig"}D--2F). The CD4^+^ cell population was 98.6% pure and 76.3% GFP^+^ at the time of infusion ([Figure S4](#mmc1){ref-type="supplementary-material"}). These studies clearly indicated that prior engraftment of autologous HSPCs from matched human donors is not sufficient to prevent or mitigate the onset of GvHD in this mouse model.

In Vivo Murine-Matured Human CD3^+^ Cells as a Source for T Cell-Based Therapies {#sec2.3}
--------------------------------------------------------------------------------

With the realization that autologous mature CD3^+^ cells would not serve as a good preclinical model, we hypothesized that human CD3^+^ cells that matured in vivo from engrafted HSCPs might serve this function ([Figure S6](#mmc1){ref-type="supplementary-material"}). Because these MATCH cells matured in the background of mouse antigen presentation, they might not exhibit the same cytopathic activity that leads to GvHD onset. We first tested the ability of these cells to culture and expand ex vivo after collection. Spleens were harvested from engrafted mice and stimulated for 48 hr using CD3/CD28 beads. At time of collection, 58.2% of spleen cells were human CD45^+^, with 75% of those being CD3^+^ T cells. After bead stimulation, cells were transduced with a LV expressing GFP to compare transduction efficiency with mature CD3^+^ cells from human donors. After culture and transduction, CD3^+^ cells obtained from different mice (n = 3) that were infused with HSPCs from three different human donors averaged 65.6% GFP^+^ by flow cytometry as compared with 63.3% from mature human CD3^+^ cells isolated from apheresis products, indicating these cells are just as easily modified as their human-derived counterparts ([Figure 3](#fig3){ref-type="fig"}A). We next tested the expansion potential of stimulated cells collected from mice either in the presence or the absence of transduction. In both human- and murine-derived CD3^+^ cells following CD3/CD28 bead stimulation and removal, we saw an average 2-fold expansion over 4 days ([Figure 3](#fig3){ref-type="fig"}B). This observation is consistent independent of transduction, demonstrating that murine-derived CD3^+^ cells have a similar expansion potential compared with their human-derived counterpart during this short ex vivo expansion culture. After bead stimulation, upregulation of the early T cell activation marker CD69 was assessed. When compared with unstimulated murine-derived CD3^+^ cells from the same animal, stimulated cells exhibited a significant increase in cells expressing CD69 ([Figure 3](#fig3){ref-type="fig"}C), as well as an increase in mean florescence intensity (MFI) ([Figure 3](#fig3){ref-type="fig"}D).Figure 3In Vivo Murine-Matured Human CD3^+^ Cells as Source for T Cell-Based TherapiesCells isolated from the spleen of sacrificed mice were stimulated with CD3/CD28 beads and transduced with a GFP-expressing lentiviral vector. (A) Transduction efficiency of autologous human CD3^+^ (n = 3) cells isolated from apheresis product and cells derived from mice (n = 5) engrafted with CD34^+^ cells from the same human donors used for the autologous CD3^+^ cells. (B) Fold expansion of either mock (−) or transduced (+) cells 4 days after bead stimulation for both the autologous human CD3^+^ cells and the mouse-derived human CD3^+^ cells. (C and D) Percent (C) and mean fluorescence intensity (MFI) (D) of CD69^+^ on cells either unstimulated (Media) or stimulated (Stim) with CD3/CD28 beads. (E) Fold increase in production and secretion of human IFNγ from both autologous human CD3^+^ cells and murine-matured CD3^+^ cells resulting from bead stimulation (Stim) when compared with unstimulated control (media) (n = 2). (F) Fraction of either CD4^+^ or CD8^+^ cells that are positive for intracellular Ki67 expression resulting from bead-stimulating (Stim) compared with media-only controls (media) in either autologous human- (n = 4) or murine-matured CD3^+^ (n = 3) cells. (G) Human CD3^+^ cells isolated from two mice were analyzed by spectratyping for TCR rearrangements after CD3/CD28 bead stimulation. (H) Autologous CD3^+^ cells isolated from the same apheresis product used for mouse engraftment were also analyzed by spectratyping. Error bars represent SEM. \*\*p \< 0.05. n/s, not significant.

To determine whether MATCH cells were functionally capable of responding to stimulation and able to efficiently produce and secrete cytokines, we assayed for the presence of interferon γ (IFNγ) in the supernatant of cultured cells. CD3^+^ cells from autologous human donors or MATCH mouse splenocytes (n = 2) were split in half and put into culture either in media alone or in the presence of CD3/CD28 stimulation beads. Two days later, supernatant was collected from the cells and analyzed for IFNγ ([Figure 3](#fig3){ref-type="fig"}E). When compared with the unstimulated controls, both the human and MATCH CD3^+^ cells exhibited a 7- to 9-fold increase in secretion of IFNγ into the supernatant. This increase in IFNγ production and secretion trended slightly higher in the autologous human CD3^+^ cells, but not significantly over the MATCH cells.

In addition to IFNγ production, we also observed an increase in Ki67^+^ cells by flow cytometry in both the human and MATCH CD4^+^ and CD8^+^ cell populations, indicating similar levels of cell proliferation in response to stimulation ([Figure 3](#fig3){ref-type="fig"}F). The baseline level of Ki67^+^ cells without stimulation was slightly higher in the MATCH mice compared with their autologous human counterpart, which is probably due to the xenograft setting of the cells. Both cell sources were capable of responding to stimulation through increased proliferation without significantly altering their CD4:CD8 ratios ([Figure S7](#mmc1){ref-type="supplementary-material"}), indicating these cells are functionally able to receive signal input and respond in a similar manner.

We also analyzed the TCR repertoire of cells collected from the mice by spectratyping analysis ([Figure 3](#fig3){ref-type="fig"}G). Spleens collected from two mice were stimulated with CD3/CD28 beads for 48 hr prior to TCR analysis. The autologous CD3^+^ cells from human donors were also analyzed both pre- and post-CD3/CD28 bead stimulation for comparison ([Figure S8](#mmc1){ref-type="supplementary-material"}). A broad range of complementarity-determining region 3 (CDR3) lengths from mouse samples analyzed was observed and appeared qualitatively similar to human samples ([Figure 3](#fig3){ref-type="fig"}H), indicating that in vivo maturing CD3^+^ within the mice are capable of undergoing TCR rearrangement similar to human-derived CD3^+^ cells. Together, these data indicate that MATCH cells behave similarly to a human-derived counterpart, potentially serving as a genetically modifiable population for T cell immunotherapy studies.

T Cell Subset Composition and Activation of MATCH Mice Resembles Human Cells {#sec2.4}
----------------------------------------------------------------------------

In order to further characterize the T cell repertoire that develops in our MATCH mouse model, we performed phenotypical analysis of T cell subsets in both the CD4^+^ and the CD8^+^ compartments as compared with the autologous human CD3^+^ products from the matched donors. Cells were stimulated for 48--72 hr using CD3/CD28 beads prior to analysis. The full staining panel and gating strategy for this analysis is provided in the [Supplemental Information](#app2){ref-type="sec"} ([Figure S9](#mmc1){ref-type="supplementary-material"}). The first layer of analysis determined the composition of naive T cells (CD28^+^CD95^−^), memory T cells (CD28^+^CD95^+^), and effector cells (CD28^−^CD95^+^) in both autologous human CD3^+^ cells and the MATCH mouse cells ([Figures 4](#fig4){ref-type="fig"}A and 4B). There was no statistically significant difference between human or MATCH cells in either CD4^+^ or CD8^+^ fractions for each of these subsets. We next further characterized the cells using additional markers for delineating memory and effector cell subsets including cell surface markers CD45RA and CCR7. Cells were characterized as naive (CD28^+^CD95^−^CD45RA^+^CCR7^+^), stem cell memory (T~SCM~; CD28^+^CD95^+^CD45RA^+^CCR7^+^), central memory (T~CM~; CD28^+^CD95^+^CD45RA^−^CCR7^+^), effector memory (T~EM~; CD28^+^CD95^+^CD45RA^−^CCR7^−^), and terminal effector cells (T~TE~; CD28^−^CD95^+^CD45RA^+^CCR7^−^) ([Figures 4](#fig4){ref-type="fig"}C and 4D). All five subsets of cells were present for both CD4^+^ and CD8^+^ cells in human-derived T cells (n = 4) and in MATCH T cells (n = 3) at comparable levels with no statistically significant differences except for T~EM~ CD8^+^ cells ([Figure 4](#fig4){ref-type="fig"}D). These cells were slightly increased in prevalence for MATCH cells as compared with their autologous human cells counterparts.Figure 4T Cell Subset Analysis of MATCH-Derived CD3^+^ CellsT cells that matured in the mouse model were analyzed for the phenotypic composition as compared with their human-derived counterpart. (A and B) Percent contribution of naive, memory, or effector T cells in both the total (A) CD4^+^ or (B) CD8^+^ cell population for either autologous human CD3^+^ cells (dark bars, n = 4) or murine-matured CD3^+^ cells (light bars, n = 3) as defined by the combination of CD28 and CD95 expression. Error bars represent SEM. (C and D) Inclusion of additional surface markers CCR7 and CD45RA further delineate memory and effector cell subsets into stem cell memory (T~SCM~), central memory (T~CM~), effector memory (T~EM~), and terminal effector (T~TE~) T cells in either the total (C) CD4^+^ or (D) CD8^+^ cell populations in autologous human CD3^+^ cells (dark outlined boxes, n = 4) or murine-matured CD3^+^ cells (light outlined boxes, n = 3). The top and bottom bars of each box represent minimum and maximum percent observed with mean value represented by horizontal line within box. \*\*p \< 0.05. n/s, not significant.

Modified MATCH Cells Persist in Mice without Onset of GvHD {#sec2.5}
----------------------------------------------------------

Two neonate litters of mice were injected with 1 × 10^6^ adult human apheresis CD34^+^ cells from unique human donors. After 22 weeks post-injection, one mouse from each cohort was sacrificed and analyzed for peripheral and tissue engraftment levels. Total splenocytes were collected, placed in culture, and stimulated with CD3/CD28 beads, after which they were transduced with LV expressing GFP. Cells were allowed to expand in culture for an additional 3--5 days before being harvested, analyzed for GFP expression, and infused into remaining littermates humanized with the same CD34^+^ donor. Mice in both cohorts received a cell dose of either 1 × 10^6^ or 2 × 10^6^ total nucleated cells, of which 95.2%--99.6% was human CD45^+^. Within the human CD45^+^ fraction, 94.0%--96.3% was CD3^+^. At time of infusion, the GFP^+^ marking levels in CD3^+^ cells for the two cohorts were 66.3% and 73.0% ([Figure S4](#mmc1){ref-type="supplementary-material"}). An administered cell dose of 1 × 10^6^ or 2 × 10^6^ in these mice corresponds to an average cell dose of 5.2 × 10^6^ to 9.4 × 10^6^ cells/kg, respectively. After injection of modified cells, we continued to monitor total human engraftment ([Figure 5](#fig5){ref-type="fig"}A), lineage frequency ([Figures 5](#fig5){ref-type="fig"}B and 5C), and modified cells in peripheral blood ([Figure 5](#fig5){ref-type="fig"}D). Average GFP^+^ cell levels ranged between 1.1% and 7.4% of all CD3^+^ cells observed. One animal was above this range, displaying 16% GFP^+^; however, this animal exhibited low CD45^+^ engraftment, resulting in low numbers of developed CD3^+^ cells, which inflated the proportion of modified cells.Figure 5Modified Murine-Matured Human CD3^+^ Cells Persist in Mice without Onset of GvHD(A) Neonatal mice were injected with adult apheresis-derived CD34^+^ cells, and peripheral CD45^+^ cell engraftment was tracked over time. (B) Lineage development of human cells in blood is shown with CD3^+^ cells in blue, CD20^+^ cells in red, and CD14^+^ cells in black. (C) T cell subsets were also tracked over time with CD4^+^ cells in gray and CD8^+^ cells in orange. (D) Total CD3^+^ content in the human population is shown in black circles plotted on the left y axis, and injected autologous GFP^+^ CD3^+^ cells are shown in green diamonds and plotted on the right y axis. Vertical green dashed line indicates time of autologous cell infusion, and all x axes represent age of mice (which also corresponds to weeks post-engraftment). (E--G) The total number of infused cells present in total peripheral blood of each mouse was calculated based on number of GFP^+^-modified cells observed by flow cytometry, the fraction of sample analyzed, and mouse weight for mice receiving (E) mature autologous CD3^+^ cells (n = 12), (F) mature autologous CD4^+^ cells (n = 7), or (G) murine-matured autologous CD3^+^ cells (n = 6). Each mouse is represented by one line, with different colors and patterns representing different cell doses administered. Number of mice (n) is shown for each group. All x axes represent weeks after modified cell infusion. Cross symbols (†) represent last time point of analysis before sacrifice.

To monitor for their persistence, we calculated the total number of modified cells circulating in peripheral blood of each mouse. Mice receiving an injection of human-matured autologous CD3^+^ or CD4^+^ cells exhibited an initial decrease of observed cells at the first time point post-injection ([Figures 5](#fig5){ref-type="fig"}E and 5F), most likely because of migration of cells into tissue compartments. The total number of modified cells detected at the second blood collection post-injection indicated significant cellular expansion, corresponding to the onset of GvHD previously described ([Figure 2](#fig2){ref-type="fig"}). In contrast, the MATCH cells maintained constant cell levels in peripheral blood over 7 weeks (52 days) after infusion, indicating maintained persistence without expansion ([Figure 5](#fig5){ref-type="fig"}G). These mice also did not exhibit the symptoms of GvHD such as weight loss or alopecia that were observed in the mice receiving human autologous T cells ([Figure S5](#mmc1){ref-type="supplementary-material"}).

At 8 weeks post-CD3^+^ injection, mice were sacrificed and tissues were analyzed for the presence and frequency of modified GFP^+^ cells ([Figure 6](#fig6){ref-type="fig"}). Levels similar to those observed in blood ([Figure 6](#fig6){ref-type="fig"}A) were present in the bone marrow ([Figure 6](#fig6){ref-type="fig"}B), spleen ([Figure 6](#fig6){ref-type="fig"}C), and lung ([Figure 6](#fig6){ref-type="fig"}D) of each mouse. Interestingly, very few GFP^+^CD3^+^ cells were found in the thymus despite high levels of human engraftment ([Figure 6](#fig6){ref-type="fig"}E). The presence of modified cells in an array of tissues demonstrates their ability to circulate and perfuse into systemic tissues. In additional ongoing experiments using this model, animals have reached 20 weeks post-injection of MATCH cells without development of GvHD and with a 100% survival rate (data not shown).Figure 6Modified CD3^+^ Cells Detected in Systemic Tissues(A--E) Total human CD45^+^ engraftment as well as lineage contribution and detected frequency of GFP^+^ cells in tissues including (A) peripheral blood, (B) bone marrow, (C) spleen, (D) lung, and (E) thymus are shown. Black bars for CD3, CD20, and CD34 in marrow are represented as a proportion of total CD45^+^ cells, with CD4 and CD8 cells represented as a proportion of total CD3^+^ cells; all are plotted on the left y axis. Green bars represent the percent of total CD3^+^ cells detected that are GFP^+^, as well as for CD4^+^ and CD8^+^ cells, and are plotted on the right y axis. Error bars represent SEM. (F) Representative flow plots for GFP^+^ cell populations in the human CD45^+^ gate for each tissue, with numbers indicating % GFP^+^.

Retroviral IS Analysis Demonstrates Clonal Expansion Correlating with GvHD {#sec2.6}
--------------------------------------------------------------------------

Our laboratory has developed a method for clone tracking of lentiviral modified cells using the unique integration site (IS) of each transduced cell as a heritable mark.[@bib26] This type of analysis has primarily been used in CD34^+^ HSPC gene therapy studies to track hematopoietic development and differentiation of the engrafted cells, and to determine safety by monitoring for potential oncogenic transformations as evidenced by significant clonal expansion of a small subset of cells. We applied this technique to observe whether persistent cells in vivo represent a diverse subset of cells from the infusion product or result from antigenic stimulation of a small portion of cells. Necropsy tissues from several mice in each cohort were analyzed for their IS profile ([Figure 7](#fig7){ref-type="fig"}). Integrations were readily detected in each sample analyzed and ranged from 172 unique clones up to 6,882 clones in the animal receiving the highest cell dose. Animals receiving an injection of either mature autologous CD3^+^ cells ([Figure 7](#fig7){ref-type="fig"}A), mature autologous CD4^+^ cells ([Figure 7](#fig7){ref-type="fig"}B), or MATCH cells ([Figure 7](#fig7){ref-type="fig"}C) are shown.Figure 7Integration Site Analysis Demonstrates Clonal Expansion of Autologous Cells, but Not Murine-Matured CD3^+^ Cells(A--C) Retroviral integration site (RIS) analysis was used to measure the total number of integration sites detected in tissues of mice infused with (A) human-matured autologous CD3^+^ cells, (B) human-matured autologous CD4^+^ cells, or (C) murine-matured autologous human CD3^+^ cells. Individual mice, as well as cell dose received, are indicated on the x axis of each graph, with each column representing a unique mouse. All clones that represent \>1% of sequences captured are shown as white or colored boxes, with the remainder represented by a single gray box. The total number of RIS clones detected in each sample is shown at the top of each column. Unique integration sites detected in multiple animals originating from the same pool of modified donor cells are color coded, and if the clone is not above 1% in the sample, it is represented by a colored number corresponding to its detected frequency. Chromosomal locations of the top five sites are listed below each column in order of most frequent. (D) Graph illustrating clonal expansion of all clones detected at \>1% frequency. Individual mice grouped by cohort are listed on the x axis. The y axis represents the average number of unique fragments lengths (which approximately corresponds to number of unique cells) detected for clones contributing \>1% to the total clonal population. A higher bar corresponds to greater cell division and expansion.

Although the total number of clones detected among these three conditions is relatively similar, the amount of clonal expansion was dramatically different ([Figure 7](#fig7){ref-type="fig"}D). Both cohorts receiving injections of human-matured CD3^+^ or CD4^+^ cells exhibited massive clonal expansion. Because of the random nature of acoustic shearing to fragment DNA, sequenced integrations with identical insertion points but different fragmented lengths of DNA must originate from different cells. By counting the number of unique fragment lengths observed, an estimate of clonal expansion is possible. Unique clonal integrations contributing to \>1% of the total population had fragment counts on average ranging between 82.8 and 107.6. This was not observed in MATCH mice, for which the number of genomic fragment lengths ranged between 1.5 and 2.4. This clonal expansion most likely results from stimulation of infused cells as they react against mouse antigens, leading to onset of GvHD. This expansion also correlates with the increased frequency of total modified cells in peripheral blood ([Figures 5](#fig5){ref-type="fig"}E and 5F). The mouse receiving the highest cell dose of 1 × 10^7^ cells (mouse 262; asterisk \[\*\] in [Figure 7](#fig7){ref-type="fig"}D) also exhibited the greatest number of detected clones, resulting in no individual clone representing \>1% of the total repertoire. This mouse was the first to succumb to GvHD in this cohort at 16 days post-cell infusion. One other mouse in this cohort (mouse 272; number sign \[\#\] in [Figure 7](#fig7){ref-type="fig"}D) was an animal that survived cell infusion without the onset of GvHD. This mouse also did not exhibit the same clonal expansion seen in littermates that succumbed to GvHD, supporting the hypothesis that antigenic stimulation of infused cells resulted in disease onset. Importantly, all animals receiving the murine-matured CD3^+^ cells did not exhibit clonal expansion, consistent with their constant frequency of detection in the peripheral blood ([Figure 5](#fig5){ref-type="fig"}G).

Discussion {#sec3}
==========

In this study, we describe for the first time to our knowledge an autologous T cell adaptive immunotherapy transplantation method using CD3^+^ cells derived from in-vivo-engrafted human adult apheresis CD34^+^ HSPCs. By using human CD3^+^ cells that derive from engrafted HSPCs, we mimic current clinical protocols for ACI. These murine-matured autologous T cells from humans (MATCH) are the ideal source for ACI, and we demonstrate the ability of these cells to persist at consistent levels in both peripheral blood and systemic tissues without the onset of GvHD often seen in T cell-based xenotransplant settings.[@bib22], [@bib23] Similar to clinical protocols, this MATCH mouse model uses human T cells collected from the "patient," expanded and modified ex vivo, and reinfused back into autologous engrafted recipients. Previous reports using adult apheresis HSPCs did not observe CD3^+^ cell maturation in their NSG mouse model.[@bib27] However, by using adult apheresis CD34^+^ HSPCs, we hereby demonstrate the ability to obtain peripheral human engraftment that averages 20% across multiple donors and mouse cohorts, the majority being CD3^+^ lymphocytes after 14--16 weeks. Within this CD3^+^ compartment, we observe ratios of CD4^+^ and CD8^+^ cells observed in normal healthy humans.[@bib28] Additionally, within both the CD4^+^ and CD8^+^ populations, we detect similar levels of different T cell subsets such as naive, memory, and effector cells between both human and MATCH-derived cells, indicating a diverse repertoire of cell products. These cells are functionally capable of both proliferating in response to stimulus and producing and secreting cytokines. We also demonstrate that the level of matured CD4^+^ cells in the mice are sufficient for sustaining HIV infection, allowing novel anti-HIV CAR T cell receptors targeted against the viral glycoprotein to be tested.[@bib29] Even though the mouse model presented here builds upon established models for HIV treatment therapies using the same mouse strain and engraftment procedures,[@bib30] additional characterization will be required to demonstrate functionality of this treatment for combination with other methods such as vaccine administration or genetic engineering.

Several previous reports have used mice as surrogates for testing ACI strategies.[@bib16], [@bib17], [@bib18], [@bib19], [@bib20], [@bib21] However, most of these studies used either matured lymphocytes collected directly from human donors as the modified cell source or used murine T cell transplants in immunocompetent strains. When human T cells are engrafted into immunodeficient mice, they typically cause rapid GvHD,[@bib20], [@bib31] limiting their usefulness for ACI strategies and potentially confounding results because of systemic immune activation. Alternatively, studies in immunocompetent mice such as C57B/6 mice show some promise;[@bib16], [@bib17] however, these models transplant murine T cells that require different effector and signaling domains compared with human T cells. Additionally, in an immunocompetent setting, it is possible to illicit immune rejection of the infused cells. Another model that uses bone marrow, liver, thymus (BLT) mice has demonstrated potent T cell activity against HIV-infected cells.[@bib10], [@bib32] However, BLT mice are laborious and expensive to generate because they require surgical implants of difficult to acquire fetal tissue samples, limiting the number of mice derived from one donor source, and these mice can also suffer from GvHD. The MATCH mice presented in this manuscript will circumvent this problem by using engrafted HSPCs as a source of CD3^+^ cells that have matured in vivo in the presence of mouse antigen. These cells do not recognize mouse antigen as foreign, thereby avoiding GvHD, and are capable of persisting at consistent levels within the mice. Mice receiving an injection of these cells do not exhibit the symptoms of GvHD, such as severe weight loss, hunched posture, and increasing hair loss. We observe peripheral and tissue resident levels of modified cells averaging 2% in each compartment analyzed, similar to what is currently reported in the clinic,[@bib33] with the exception of the thymus. Because cells present in thymic tissue are currently undergoing T cell maturation and differentiation, the majority should be either immature lymphocytes or lymphocytes migrating into peripheral circulation. Additionally, although we do observe infused modified T cells in the lungs of engrafted mice, we do not see high levels of tissue-specific retention, which enables greater systemic distribution.

Another benefit of MATCH mice compared with others humanized using umbilical cord blood or fetal liver CD34^+^ cells is the quantity of HSPCs derived from one donor. It is possible to engraft numerous cohorts of mice from one donor, providing potentially dozens of matched humanized mice, allowing for the direct in vivo comparison of different components such as linker domains, co-stimulatory elements, or other factors. This model could potentially be used in parallel with strategies for testing augmentation methods for ACI such as vaccine administration[@bib34] or direct injection of immune-stimulating molecules,[@bib35], [@bib36], [@bib37] although these studies would require additional experiments to determine whether all the functional components for these responses are present. Other reports have suggested that using CAR T cell-mediated therapy in conjunction with antibody administration might result in synergistic approaches to treatment of diseases such as B cell lymphomas.[@bib38] Although this mouse model does result in a majority of circulating human CD45^+^ cells being CD3^+^, other cell populations of interest, such as CD20^+^ cells, are still present in lymphoid tissues, especially the spleen and bone marrow. The trend for a decreasing ratio of CD20^+^ cells compared with CD3^+^ cells occurs as T cells complete their long developmental process in the thymus and begin to migrate into the periphery beginning around week 14 post-engraftment. For testing ACI-mediated strategies against B cell epitopes, it is possible to inject bioluminescent tumor lines expressing these epitopes into these mice to assay for functionality of infused CAR T cells.[@bib39], [@bib40]

Another difference from current protocols for ACI is the duration of ex vivo culturing to which the cells were subjected. Currently in clinical settings, post-isolation and stimulation culture times range between 5 and 21 days. This extended duration allows for a significant expansion of cells ex vivo, so a large dose, sometimes as high as 1 × 10^9^ cells/kg, can be infused into patients. We cultured cells for a total of 5 days after bead stimulation to obtain numbers of cells for infusion averaging 5--10 × 10^7^ cells/kg, comparable with current doses administered in human patients. This shorter duration of culture might actually be beneficial compared with longer ex vivo culture times because reports have shown that over time, cells more frequently become exhausted and terminally differentiated into memory subsets not ideal for T cell therapy.[@bib41] Additionally, it remains unclear which cell populations within the greater CD3^+^ lymphocyte pool are the ideal effector cells for ACI.[@bib42], [@bib43], [@bib44] Some reports indicate that CD8^+^ cells alone are sufficient,[@bib45] whereas others indicate that specific subpopulations of CD8^+^ cells are specifically required for achieving desired cytotoxicity effects.[@bib46] Because both CD4^+^ and CD8^+^ cells mature in this model, these populations can be isolated to perform studies using purified cell products or specific ratios of CD4:CD8 cells.

An important consideration for ACI strategies is the evaluation of IS frequencies to determine the safety profile of gene therapy cassettes. Early gene therapy clinical trials using HSPCs demonstrated the propensity of some vectors to result in viral-mediated insertional mutagenesis that led to leukemic development in patients.[@bib47] Even though significant advancements have been made in vector design to prevent such oncogenic transformations, all integrating viral vectors should be assessed on a case-by-case basis. This is true not only for HSPC-based therapies, but for all cell populations undergoing vector-mediated gene insertion. Such studies are essential when the gene of interest being inserted contains singling domains such as CAR molecules. For these reasons, clone tracking methods will be essential in preclinical testing of all ACI vectors.[@bib7] We demonstrate the ability to perform these clone tracking studies to not only determine total genomic integration profile of engineered cells, but also to quantify clonal expansion of these cells. Ideally, an engineered cell population would only undergo clonal expansion when presented with the desired recognition antigen. Clonal expansion outside these conditions could indicate potential concerns for long-term vector safety or be a predictor of GvHD.

Another report documents that activity and persistence of transferred CD8^+^ T cells was enhanced by HSPC transplantation in mice.[@bib48] In this study, myeloablated and non-myeloablated transplants were performed in parallel with adoptive T cell therapy. They found that the presence of autologous HSCs in the bone marrow enhanced proliferation and survival of infused CD8^+^ cells and augmented tumor-directed cytotoxicity. This suggests an important consideration in testing and analyzing ACI strategies in mouse models in the presence of ongoing autologous hematopoietic development. The MATCH model is ideally situated to take advantage of this enhanced efficacy because T cell infusions take place in the presence of ongoing HSPC hematopoiesis.

The MATCH model we present here enables in vivo testing of a broad range of engineered immunotherapy or CAR molecules. By using human CD3^+^ T cells that mature from adult apheresis CD34^+^ HSPCs engrafted into NSG mice as the cell source for modification and transplantation, it is possible to model a clinically relevant ACI protocol that avoids the potential complications of GvHD or immune rejection of modified cells present in other models.

Materials and Methods {#sec4}
=====================

Ethics Statement {#sec4.1}
----------------

All animal studies were carried out in compliance with approved protocols (1864) by the Institutional Animal Care and Use Committee (IACUC) at the Fred Hutchinson Cancer Research Center.

Mice {#sec4.2}
----

NOD.*Cg-Prkdc*^*scid*^*Il2rg*^*tm1Wjl*^/Szj (NOD SCID gamma^−/−^, NSG) mice were purchased from The Jackson Laboratory or bred in-house under approved protocols and in pathogen-free housing conditions. Neonatal mice between 1 and 3 days postbirth received 150 cGy of radiation, followed 3--4 hr later by a single intrahepatic injection of 1 × 10^6^ CD34^+^ cells resuspended in 30 μL of PBS containing 1% heparin (APP Pharmaceuticals). Blood samples were collected by retro-orbital puncture beginning at week 8 post-engraftment and continuing every other week until necropsy.

Human Cell Processing and Isolation {#sec4.3}
-----------------------------------

Human apheresis CD34^+^ HSPCs were obtained from two different sources. Some purified CD34^+^ cells were purchased from the Cell Processing Facility (CPF) at the Fred Hutchinson Cancer Research Center. Negative fractions from isolated CD34^+^ products were also purchased and used for sequential autologous CD3^+^ isolation using the positive selection kit from Miltenyi Biotec (Bergisch Gladbach) using the manufacturer's suggested protocols. Isolated autologous CD3^+^ cells were cryopreserved for later use. Alternatively, some CD34^+^ cells were isolated from total apheresis products purchased from CPF using the CliniMACS Prodigy device (Miltenyi Biotec) using previously described protocols.[@bib49]

Vector Production and Transduction {#sec4.4}
----------------------------------

The vector used for transduction of CD3^+^ cells (pRSC-hPGK.eGFP) is an SIN LV produced with a third-generation split packaging system and pseudotyped by the vesicular stomatitis virus G protein (VSVG). Vectors for these studies were produced by our institutional Vector Production Core (Director: Hans-Peter Kiem) at the Fred Hutchinson Cancer Research Center. Infectious titer was determined by flow cytometry evaluating EGFP expression following titrated transduction of HT1080 human fibrosarcoma-derived cells with research grade LV vector preparations.

NSG Mouse Engraftment and Sample Processing {#sec4.5}
-------------------------------------------

At each time point, a total of 200 μL of blood was collected by retro-orbital puncture. Blood was diluted 1:1 with PBS, and a portion was used for antibody staining and flow cytometry to determine engraftment levels and lineage contribution. At the time of necropsy, organ samples were harvested and filtered through a 70 μm filter (BD Biosciences) and washed with PBS. Blood and tissue samples were stained with appropriate fluorescence-activated cell sorting (FACS) antibodies for 15 min at room temperature. Red blood cells were removed by incubation in BD FACS Lysing Solution (BD Biosciences), which was then diluted out using PBS prior to analysis by flow cytometry. Stained cells were acquired on an FACS Canto II (BD Biosciences) and analyzed using FlowJo software v10.1 (Tree Star). Analysis was performed on up to 20,000 cells in the viable cell population for blood and 100,000 cells for tissues. Gates were established using full minus one (FMO)-stained controls. Samples were stained at a 1:20 dilution using human CD45-PerCP (Clone 2D1), mouse CD45.1/CD45.2-V500 (Clone 30-F11), CD3-FITC or allophycocyanin (APC) (Clone UCHT1), CD4-V450 (Clone RPA-T4), CD20-phycoerythrin (PE) (Clone 2H7), and CD14-APC or PE-Cy7 (Clone M5E2). Bone marrow was also stained with CD34-APC (Clone 581). All antibodies were acquired from BD Biosciences.

Autologous T Cell Injections {#sec4.6}
----------------------------

Autologous CD3^+^ cells were slow thawed into RPMI media (Life Technologies) containing 10% serum (Atlas Biologics), 1% penicillin-streptomycin (Pen/Strep) (Life Technologies), and 50 μg/mL interleukin (IL)-2 (Stem Cell Technologies). Cells were stimulated at 1:1 ratio with CD3/CD28 Beads (Life Technologies) for 48--72 hr at a concentration of 1.5--2.0 million cells/mL. After stimulation, beads were magnetically removed and cells were transduced with a third-generation LV at an MOI of 10. Cells were counted and adjusted to 1.5 million cells/mL with fresh media every 2 days until infusion. CD8^+^ cell depletion was performed using a CD8-positive selection kit (Stem Cell Technologies) following manufacturer's protocol, keeping the wash instead of the cells attached to the magnet. Cells were suspended in 100 μL of PBS containing 1% heparin and infused by intravenous (i.v.) injection.

Murine-matured autologous T cells were isolated from the spleen. Following filtration through a 70 μm filter, red blood cells were removed by incubation in BD FACS Lysing Solution (BD Biosciences), which was diluted out using PBS prior to cell count. Cells were then stimulated with CD3/CD28 beads for 48--72 hr at a concentration of 1.5--2 million/mL in RPMI media containing 10% serum, 1% Pen/Strep, and 50 μg/mL IL-2. After stimulation, beads were magnetically removed and cells transduced with a third-generation LV at an MOI of 10. Cells were counted and adjusted to 1.5 million cells/mL with fresh media every 2 days until infusion. Cells were suspended in 100 μL of PBS containing 1% heparin and infused by i.v. injection.

The total number of modified cells in peripheral circulation was estimated for each mouse using counting beads (eBioscience) spiked into each blood sample at time of collection. By analyzing the number of beads observed during flow analysis and using an estimation of total blood volume of mice based on their weight (approximately 7% of volume by weight), it is possible to calculate the total number of modified cells circulating in peripheral blood of the mice.[@bib50]

HIV Challenge of Humanized Mice {#sec4.7}
-------------------------------

Mice were challenged by a single intraperitoneal injection of 200 μL of HIV-1 BaL containing 2.5 × 10^5^ infectious units. HIV-1 BaL virus stock was obtained through the NIH AIDS Reagent Program, Division of AIDS, National Institute of Allergy and Infectious Diseases (NIAID), NIH, and deposited by Dr. Suzanne Garter, Dr. Mikulas Popovic, and Dr. Robert Gallo.[@bib51] Virus was propagated in PM1 cells obtained through NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH, and deposited by Dr. Marbin Reitz.[@bib52] Viral supernatant was collected and filtered through 0.22 μm filters (EMD Millipore) and tittered on GHOST cells obtained through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH, and deposited by Dr. Vineet N. KewalRamani and Dr. Dan R. Littman[@bib53] according to provided protocols. To determine viral load, we extracted RNA from mouse serum using the QIAamp Viral RNA Mini Kit (QIAGEN), which was then analyzed using the TaqMan RNA-to-Ct 1-Step Kit (Thermo Fisher) using primers and probes specific to the long terminal repeat (LTR) region (F: 5′-GCCTCAATAAAGCTTGCCTTGAG-3′, R: 5′-GGCGCCACTGCTAGAGATTTTC-3′, Probe: FAM 5′-AAGTAGTGTGTGCCCGTCTGTTRTKTGACT-3′ TAMRA). Plates were analyzed on an ABI TaqMan 7500 real-time PCR system (Thermo Fisher).

T Cell Subset Analysis and Intracellular Staining {#sec4.8}
-------------------------------------------------

A multicolor panel was used to assess cell surface and intracellular protein markers in this study. The T cell panel included CD3-PerCP clone SP34-2 (Thermo Fisher), CCR7-PE clone 3D12 (Thermo Fisher), CD45-BUV395 clone HI30 (BD), CCR5-APC clone 3A9 (BD), Ki67-ALX700 clone B56 (BD), CD95-PE-Cy7 clone DX2 (BD), CD45RA-V450 clone 5H9 (BD), CD8-BUV737 clone SK1 (BD), CD28-ECD clone CD28.2 (Beckman Coulter), and CD4-BV570 clone OKT4 (BioLegend). The panel also included a live/dead stain. Cell samples were stained with the above markers, as previously described.[@bib54] Acquisition was performed on LSR II and Fortessa instruments (BD). Flow cytometry data were analyzed using FlowJo (Tree Star). All gates were established based on FMO controls.

TCR Spectratyping {#sec4.9}
-----------------

All TCR spectratyping was performed by the institutional Immune Monitoring Core (Director: Jianhong Cao) at the Fred Hutchinson Cancer Research Center. One million CD3^+^ cells were submitted as a frozen cell pellet for analysis.

Human IFNγ ELISA {#sec4.10}
----------------

Equal total cell numbers of either autologous human- or murine-matured CD3^+^ cells were placed into culture and stimulated using CD3/CD28 beads as previously described above. Supernatant was collected 48 hr after initiating bead stimulation and subsequently centrifuged to remove cellular debris. Supernatant was then assayed for human IFNγ content using a purchased ELISA kit (Thermo Fisher). Assay was performed according to manufacturer's protocol.

IS Analysis {#sec4.11}
-----------

Lentiviral IS analysis was performed as previously described[@bib55], [@bib56] with the following modifications. In brief, DNA was extracted from cell suspension of tissues using the DNeasy Blood and Tissue Kit (QIAGEN), and up to 3 μg was randomly sheared using an M220 focused ultrasonicator (Covaris). Fragmented DNA was purified, polished (End-It DNA End Repair Kit; Epicenter), and ligated to modified linker cassettes containing known primer binding sites. This product was amplified using sequential nested exponential PCRs. Product from the first PCR was purified, and eluted DNA was diluted prior to a second nested PCR, which added both barcodes and sequences required for compatibility with the next-generation sequencing MiSeq platform (Illumina). Sequencing was performed by the Genomics Core Facility at the Fred Hutchinson Cancer Research Center.

ISs were identified using a method similar to that described by Hocum et al.[@bib57] The forward and reverse reads were stitched using PEAR with the *-q 30* option to trim sequence reads after two bases with a quality score below 30 were observed.[@bib58] FASTQ files were filtered using custom python scripts. *Pairwise2* from the *Bio* module was used to confirm the presence of our primer sequence at the start of the sequence read using a gap open penalty of −2, a gap extension penalty of −1, and requiring a total mapping score of 25 or greater, equivalent to two mismatches or one insertion or deletion (indel). Presence or absence of the LTR region was determined using *Pairwise2* to align a known 24-bp sequence from the LTR region to the sequence read using the same gap penalties described previously and requiring a total mapping score of 22 or greater, corresponding to two mismatches or one indel. To remove reads representing vector sequences (as opposed to genomic sequences), we aligned a known 24-bp sequence from the vector to the sequence read using *Pairwise2* and the same settings as described for the primer alignment. The reads that contained the primer sequence and the LTR sequence, but not the vector sequence, were then trimmed and output in FASTQ format. Additionally, all reads were output to text files with relevant filtering information. FASTQ files were then converted to FASTA files using a custom python script. The *Homo sapiens* reference genome (GRCh38, GCA_000001305.2, December 2013) provided by the Genome Reference Consortium was downloaded from the University of California, Santa Cruz (UCSC) genome browser.[@bib59] The filtered and trimmed sequence reads were aligned to the reference genome using BLAT with options *-out = blast8*, *-tileSize = 11*, *-stepSize = 5*, and *-ooc = hg11-2253.ooc*.[@bib60] The hg11-2253.ooc file contains a list of 11-mers occurring at least 2,253 times in the genome to be masked by BLAT and was generated as recommended by UCSC using the following command: \$blat hg38.2bit /dev/null /dev/null -tileSize = 11 -stepSize = 5 -makeOoc = hg11-2253.ooc -repMatch = 2253. The resulting blast8 files were parsed using a custom python script. The blast8 files contained multiple possible alignments for each sequence read, so any sequence read with a secondary alignment percent identity up to 95% of the best alignment percent identity was discarded. Sequence reads were then grouped based on their genomic alignment positions and orientation (sense versus antisense). Any alignments within 5 bp of one another and with identical integration orientations were considered to originate from the same IS; the genomic position with greatest number of contributing reads is reported as the IS. The total number of sequence reads contributing to a particular IS is reported as the number of genomically aligned reads for that IS.
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